Excitons in atomically-thin semiconductors interact very strongly with electromagnetic radiation and are necessarily close to a surface. Here, we exploit the deepsubwavelength confinement of surface plasmon polaritons (SPPs) at the edge of a metal-insulator-metal plasmonic waveguide and their proximity of 2D excitons in an adjacent atomically thin semiconductor to build an ultra-compact photodetector. When subject to far-field excitation we show that excitons are created throughout the dielectric gap region of our waveguide and converted to free carriers primarily at the anode of our device. In the near-field regime, strongly confined SPPs are launched, routed and detected in a 20 nm narrow region at the interface between the waveguide and the monolayer semiconductor. This leads to an ultra-compact active detector region of only 
Introduction
Information data processing systems strive towards increasing signal transmission rates while reducing power consumption. Data transfer via metallic interconnects reach very high integration densities, due to small characteristic length scales of a few nanometers (nm), whilst suffering from Joule heating 1 and parasitic capacitances that hinder further down-scaling.
Scaling of all optical data-interconnects down towards similarly small length scales represents a major challenge, although optical data transfer and processing offers very high transmission rates 2 and exceedingly small energy-per-bit consumption. 3 Conventional optical devices, such as waveguides, splitters, sources and detectors have have characteristic sizes with a lower bound defined by the diffraction limit, of order of a few hundred nanometers at optical wavelengths. 4 This prevents the scaling of integrated optical detector sizes to the few nanometer regime. Here, plasmonics offers new capabilities by providing deep-subwavelength confinement of the light field at optical frequencies.
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In this Letter, we demonstrate a proof-of-principle device in which electromagnetic signals are routed along plasmonic waveguides and detected in an ultra compact detector based on a monolayer of MoSe 2 with an active area of only ∼0.03 µm 2 . Such proof of principle ternal quantum efficiencies. 16 Recent experiments have demonstrated TMDC-based photo detection in microscopic FET structures [17] [18] [19] [20] [21] [22] as well as nanoscale systems via propagating plasmonic modes in chemically synthesized nanowires based on pick-and-place fabrication techniques. 23 Furthermore, atomically thin MoS 2 was incorporated into Si 3 N 4 waveguides
showing integrated photo detection with a photo detector footprint of a few µm 2 . 24 In our device, we reduced the active detector area by about two orders of magnitude and the total device footprint to a level approximately one order of magnitude smaller than conventional active photodetectors having the same high absorption efficiency. Since numerical simulations show that our device can be optimized further, our results show a path towards on-chip plasmon photodetectors at the nanoscale with the possibility of dense integration.
We have realized a plasmonic system consisting of a lithographically defined waveguide and a mechanically exfoliated MoSe 2 monolayer, enabling interactions between the strongly absorbing TMDC flake and tightly confined plasmonic modes. The use of electron-beam lithography provides full control over the position and geometry of the plasmonic waveguide, allowing deterministic routing and detection of photons on-chip. Our results pave the way toward on-chip plasmon photodetectors at the nanoscale with the possibility of dense integration. Artists impression of the combined system consisting of a contacted plasmonic slot-waveguide and a MoSe 2 monolayer flake. Depicted is the near field configuration in which the excitation laser is coupled into the waveguide at the antenna structure. Surface-plasmon polaritons (SPPs) travel along the waveguide and are resonantly absorbed by the TMDc monolayer. The created excitons are converted into photocurrent through the strong interfactial potential at the TMDC/waveguide interface. (c) Squared electric field distribution of the fundamental propagating mode at the edge region (green outline in b). The TMDC monolayer (metal slab) is marked with a solid yellow (white) outline. The field maxima coincide with the monolayer position enabling efficient coupling of the SPPs to the monolayer. Inset: Line cut of the field distribution along the monolayer flake. The shaded area shows the modal area of l mode = 20 nm, which contains 86 % of the total SPP energy.
Results and discussion
The sample studied consists of several plasmonic slot waveguides which are defined by two gold metallic strips partially covering a MoSe 2 monolayer. Figure 1 monolayer (yellow outline) was transferred onto the hBN region and, finally, the plasmonic slot waveguides were fabricated using standard electron beam lithography and gold evaporation methods. The left-hand side in figure 1 a shows the contacts facilitating biasing whereas in the center, the waveguides are visible, partially covering the MoSe 2 monolayer.
A schematic image of our plasmonic slot waveguides is shown in Figure 1 Furthermore, weak hysteresis is observed, indicating the presence of charge trapping centers. 31 The red curve shows the measured current under continuous-wave (CW) Ti:Sapphire laser excitation at 1.669 eV centered on the waveguide-TMDC system at a power density of 120 W cm −2 (1 µW power on a diffraction limited spot size of 1 µm). Here, the extracted currents are significantly enhanced compared to the dark measurement and the absence of the high-resistance region around zero volts indicates the extraction of photo-activated charge carriers.
In Figure 2b , we determine the responsivity R of the detector from the photocurrent behavior in the non-saturating bias range between 0 V to 6 V. The responsivity R = η f f (I P C − I dark )/P in was extracted from the filling factor η f f , the illuminated (I P C ) and dark (I dark ) current and the incident laser power (P in ). The filling factor η f f = 0.29 was calculated from the modal overlap of the Gaussian laser spot with the active region of the detector. The responsivity increases monotonically to values up to R = 18 mA W −1 for voltages of V bias = 6 V with photocurrent I P C = 6.9 nA and dark current I dark < To probe the spatial distribution of the photocurrent signal, the extraction voltage was fixed at V bias = 1.5 V (responsivity R = 6.5 mA W −1 ) and the waveguide was spatially We now investigate the form of the photocurrent spectrum. Hereby, the emission from a pulsed supercontinuum white light laser was spectrally filtered to a bandwidth of 12 meV and tuned between 1.5 eV to 2.1 eV at a fixed optical excitation power density of 120 W cm −2 . 
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We continue to investigate the near-field excitation of the TMDC caused exclusively by SPPs. Hereby, we present spatially, spectrally and polarization-resolved data to unambiguously prove the generation of photocurrent by SPPs. We start with the spatial signature of SPP generation: The input-coupling efficiency of photons to propagating SPPs at the antenna was numerically computed by finite-difference time-domain (FDTD) simulations using geometric input parameters obtained from high-resolution atomic force microscopy (AFM). Crucially, two additional PC maxima, located at the outer edges of the waveguide (position 2), were observed. Those areas are clearly outside the gap region where no bias is applied and, therefore, any observation of photocurrent from these areas must arise from propagating
SPPs. This finding, together with the precise spatial agreement of the extracted photocurrent with the numerical simulations of the coupling efficiency, shows that the current is generated from propagating SPPs. In this way, the combined waveguide-TMDC system provides SPP routing and detection capabilities.
To obtain detailed insight into the SPP-generated photocurrent, numerical calculations were performed, again based on the actual device geometry, yielding an absorption length of L abs = ∼0.7 µm. For SPP-mediated excitation, the active detector region is given by the absorption length and the lateral overlap of the SPP mode with the monolayer l mode . As such, 86 % of the SPP are absorbed over a distance of ∼1.4 µm resulting in an active photodetection area in the near-field configuration of A = 0.03 µm 2 . Note that the absorption lengths for SPPs in our device is a factor of ∼ 20 smaller than the absorption length reported for monolayer TMDCs coupled to dielectric waveguides. For both configurations, the photocurrent resonance is centered around 1.670 eV, whilst the linewidth of the near-field spectrum is larger (44 meV c.f. 25 meV). Because the spectral responses are virtually identical, we conclude that the photocurrent generated in the SPPmediated geometry also stems from the generation of excitons in the monolayer region. The difference in linewidth can be accounted for by the different generation mechanisms for the two geometries: In far-field excitation, the photocurrent is homogeneously generated over the excitation spot size, in the gap of the waveguide. In contrast, for SPP-mediated excitation the absorption occurs over transverse length scales of a few nanometers, probing the local interface between the TMDC and the waveguide (see figure 1 c) . Thus, the absorption of the SPP predominantly takes place at the edges of the metal strips which are areas of high, spatially inhomogeneous strain in the TMDC, known to increase the linewidth of excitons in TMDC monolayers.
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We continue to investigate the power dependence of the photocurrent signal for farfield and near-field excitation. We anticipate that significant improvements in device performance can be achieved by improving fabrication precedures and device geometry. For example, realistic numerical simulations that include the measured waveguide morphology and roughness indicate that ohmic losses in the detector area amount to ca. 18 %. By switching to silver-based plasmonic waveguides instead of gold, further reductions in ohmic losses are expected (a detailed discussion on improving monolayer devices is given in Supplemental Information Section S5).
The most significant improvement in detector performance comes however from switching 9,10 Thus, photoluminescence in multilayers quickly diminished with increasing material thickness, while the excitonic absorption remains strong. 9, 10 The photocurrent in the different regions of the flake is shown to discretely depend on the layer thickness, as reflected by the increased photocurrents at the corresponding positions of three-layer (3L) and four-layer (4L) thickness. In general, an increased photocurrent is expected for thicker samples due to the increased absorption in the TMDC. However, as indicated by the green symbols, the normalized photocurrent per-layer increases significantly from (9.6 ± 1.9) nA in the monolayer to (17.0 ± 1.7) nA in the four-layer region. This superlinearity is consistent with the absence of significant radiative recombination in thicker layers that compete with the photocurrent generation mechanism. For multilayer MoSe 2 , the absorption in the flake during propagation can be increased significantly, e.g., for ten layers of MoSe 2 the total detector footprint can be reduced to <0.1 µm 2 with the same absorption properties (see Supplementary Information section S6). Consequently, employing thicker TMDC flakes would be highly beneficial for both detector footprint as well as responsivity.
Summary
In summary, we have optically and electrically characterized a composite device consisting of lithographically defined plasmonic slot-waveguides and a MoSe 2 mono-and few-layer crystal obtaining photodetection both in far-field and near-field excitation geometry. In far field excitation, the photoresponse stems from excitonic absorption and generation of photocurrent at the anode of our device. In this geometry, the photocurrent is homogeneously generated over the ∼200 nm-wide gap region between the metal contacts yielding an effective detector footprint of 0.3 µm 2 . A monotonically tunable responsivity of up to 18 mA W −1 was observed. In the near-field excitation scheme, propagating surface plasmon-polaritons have been generated and routed along the waveguide. The detection occurs in a region of 20 nm in the direct vicinity of the metal slabs resulting in an active region of 0.03 µm 2 . The photocurrent spectrum under the near-field excitation is nearly identical to the far-field photocurrent spectrum, confirming a similar photocurrent generation mechanism. We therefore show a path towards ultra-compact photodetection via SPP in the technologically relevant nanometer regime with potenial for dense on-chip integration. 
